Raman spectra have been recorded as a function of temperature for lipid-protein complexes of glycophorin isolated from erythrocyte membranes reconstituted with dipalmitoylphosphatidylcholine (DPPC) Recent studies have demonstrated the marked dependence of membrane-bound enzyme activity on the physical state and chemical structure of phospholipid in contact with protein (1-5). Accordingly, several physical techniques have been used to elucidate the molecular nature of the lipid-protein interaction, which plays a vital role in membrane organization (3, (5) (6) (7) (8) (9) .
Recent studies have demonstrated the marked dependence of membrane-bound enzyme activity on the physical state and chemical structure of phospholipid in contact with protein (1) (2) (3) (4) (5) . Accordingly, several physical techniques have been used to elucidate the molecular nature of the lipid-protein interaction, which plays a vital role in membrane organization (3, (5) (6) (7) (8) (9) .
The electron spin resonance (ESR) spectroscopic studies of Jost et al. (3) and the deuterium magnetic resonance (DMR) studies of Dahlquist et al. (6) have revealed the presence of phospholipid molecules whose motion appears to be restricted when perturbed by protein at temperatures above the gel/ liquid crystal phase transition for the pure phospholipid. In contrast, 13C NMR studies of Bruilet and McConnell (8) and DMR studies of Oldfield et al. (9) showed that perturbed lipid at temperatures T < Tm (melting temperature) of bulk lipid has increased motional freedom compared with the gel state. Oldfield et al. found no evidence for immobilized boundary layer lipid. Two questions concerning the nature of the perturbed lipid are addressed in the current work. What is the conformation of the lipid? Can this lipid undergo melting processes?
Raman spectroscopy offers significant advantages for the study of lipid-protein interaction. The technique directly monitors phospholipid hydrocarbon-chain conformation without use of probe molecules and provides a "snapshot" of the entire lipid population on a subpicosecond time scale. Effects of motional averaging do not effect the Raman spectrum as they do the ESR or the DMR experiments. The set of vibrational frequencies for gel phase phospholipid hydrocarbon chains is quite distinct from that of liquid crystalline hydrocarbon. The Raman technique has been used to probe phospholipid conformation in one-or two-component lipid systems (10) (11) (12) . Although preliminary studies of intact membranes have appeared (13, 14) , no detailed temperature dependence has been reported for intrinsic membrane proteins reconstituted into single-component lipid systems. Glycophorin was chosen for the current study because it spans the erythrocyte membrane (15) , can be isolated in reasonably pure form, and has been efficiently reconstituted into vesicles with dipalmitoylphosphatidylcholine (DPPC) (16 Isolation of Glycophorin. Human blood in acid/citrate dextrose, less than 1 week old, was obtained from the blood bank. Erythrocyte ghosts were prepared as described (21) , dialyzed against distilled water, and lyophilized. Glycophorin was extracted from the lyophilized ghosts as described (22) . Ghosts were treated with 0.3 M lithium diiodosalicylate and extracted with 50% (vol/vol) phenol at 40C. After centrifugation (40C, 4000 X g for 1 hr), the phenol-poor phase was collected, exhaustively dialyzed against distilled water at 4VC, and lyophilized. Glycophorin was delipidated in stages: (i) extraction with cold 100% ethanol, mixing for 30 min, and centrifugation at 10,000 X g for 30 min, and (Ui) extraction with CHCIs/MeOH, 2:1 (vol/vol), and treatment as above. Each stage was repeated three times. Glycophorin was dissolved in distilled H20, dialyzed against 10 mM Tris-HCl (pH 7.4) and against distilled water, and lyophilized. The purity of the glycophorin was estimated by NaDodSO4 gel electrophoresis on 10% polyacrylamide gels stained with Coomassie blue. Scanning optical densitometry revealed more than 97% of the stain to be localized in a single band.
Delipidation of glycophorin was monitored in two ways. Phosphorus assays revealed a maximum of 3 moles remaining after delipidation, some of which may be due to phosphorylated protein. Consequently, an infrared spectroscopic method was developed to independently measure remaining phospholipid. Lipid was monitored by the intensity of the C=O stretching mode of the lipid ester carbonyl near 1720 cm-1, whereas protein was determined from the infrared intensity of the amide I band near 1650 cm-1. Comparison of the infrared spectrum of the delipidated glycophorin with that of a standard curve based on known DPPC:glycophorin ratios showed no measurable phospholipid remaining; however, the sensitivity of the method is such that as many as 5 phospholipid molecules per molecule of protein would have gone undetected.
Formation of Lipid-Protein Complexes. Glycophorin was incorporated into DPPC vesicles as described (16) . The desired lipid:protein ratios were obtained by mixing the appropriate amounts of glycophorin and DPPC in CHCl3/MeOH/H20, 3:1.5:0.02 (vol/vol/vol). Samples were dried under N2 and evacuated under greatly reduced pressure for 1 hr. The lipidprotein film was hydrated in 0.13 M NaCI/10 mM Tris-HCI, pH 7.5, at 37°C for 15 min. Lipid vesicles (100-500 nm diameter) (23) were pelleted by centrifugation at 15,000 rpm for 1 hr at 4°C. Lipid and protein contents of the pellet were analyzed through phosphorus and protein assays of the supernatant. The method of Chen et al. (24) was used for the former, that of Lowry et al. (25) for the latter. The pelleted lipid-protein vesicles were directly injected into the melting-point capillaries used for Raman spectroscopic investigation. Attempts to reconstitute glycophorin into DPPC vesicles at mole ratios of less than 100:1 always led to complexes with mole ratios of at least 125:1. This observation is consistent with the earlier studies of van Zoelen et al. (26) .
Differential Scanning Calorimetry. DSC experiments were performed on a Dupont 990 calorimeter. DPPC vesicles containing glycophorin were transferred to sealable aluminum sample pans. The sample size was approximately 3 mg. Each sample was scanned two to four times at heating rates of 2-5°C/min between 15 and 55°C. Transition temperatures were reproducible to 1.0°C.
Raman Spectroscopy. The Raman spectroscopic apparatus has been described (27) . Typical spectral conditions were: excitation, 125 mW at 5145 A; resolution, about 6 cm-1. Background suppressions of up to several times the peak intensities were required. Samples were sealed into Kimex melting-point capillaries (about 1 mm inner diameter) and examined in the transverse mode. Temperature control was achieved in a cell similar to that described by Thomas and Barylski (28) . Temperature calibration of the system has been described elsewhere (27) and is accurate to + 1°C.
Each spectral region of interest was scanned two to four times and the appropriate parameter was averaged. The full width at half-maximum (halfwidth) of the symmetric C-2H stretching vibrations near 2100 cm-' was measured in highly reproducible fashion by drawing a base line connecting inflection points in the spectra near 2040 and 2230 cm-1. The I2so/I2Wso intensity ratio of the C-H stretching modes was estimated from peak height measurements above a base line connecting inflection points near 2800 and 3020 cm-1.
RESULTS

Raman spectroscopy
Typical Raman spectra of the C-H stretching region (2750-3050 cm-') for DPPC/glycophorin complexes at 15 (Figs. 2 and 3 ). At 1000:1 lipid:protein ratio (Fig. 2) Figs. 2 and 3 alone. The difficulty arises because the C-H intensity parameter may respond to alterations in two aspects of phospholipid conformation. Although the sharp feature at 2880 cm-1 has been assigned to the antisymmetric C-H stretching vibrations of the hydrocarbon chains, a portion of the broad band underlying the feature at 2880 cm-1 arises from Fermi resonance between the symmetric C-H stretching mode and the entire dispersion curve of the overtone of the C-H bending vibrations near 1450 cm-1 (29) . In addition, a portion of this vibrational coupling is interchain in origin (12) . Both the formation of gauche rotamers and the disruption of interchain lateral packing lead to a reduction of the vibrational coupling and a drop in 2880 cm-1 intensity. These two processes are not necessarily concurrent. For example, isolation of a crystalline hydrocarbon chain in a matrix of deuterated hydrocarbon leads to loss of interchain lateral interactions without the formation of gauche rotamers (12) . In order to decide which of these distinct aspects of phospholipid organization is responsible for the protein-induced perturbations in the Raman spectrum, it is necessary to seek a spectral parameter that is sensitive to one effect alone.
Recent investigations have demonstrated the utility of chain perdeuterated phospholipids as Raman spectroscopic probes (11) . The C-2H stretching vibrations at 2100 cm-1 are free from interference from other membrane components and can be used to unambiguously evaluate the conformation of deuterated chains in a complex mixture. The halfwidth of the symmetric C-2H stretching vibrations near 2100 cm-1 is a probe of phospholipid conformation that responds to gauche rotamer formation but is insensitive to alterations in lateral packing. To resolve the ambiguity involving the structural origin of the spectral changes observed in the C-H stretching region of DPPC-glycophorin, we reconstituted the protein with [2H62]DPPC. Typical spectra of the C-2H stretching region for [2H62]DPPC dispersions and for 275:1 [2H62]DPPC-glycophorin complexes are shown in Fig. 4 . The temperature dependence of the symmetric C-2H stretching vibration halfwidth is shown in Fig. 5 . The halfwidth for dispersions ranges from 25.5 to 44 cm-1 as the temperature is increased from 9.5 to 550C. The discontinuity centered at 350C reflects the gel/liquid crystal phase transition. Calorimetric studies yield the same melting temperature (19) , which is slightly reduced from DPPC. Noncooperative gauche rotamer formation occurs prior to the main chain melt, as indicated by the linewidth increase from 25.5 to 33.5 cm-1 between 9.5 and 33.50C. The perturbation of chain melting induced by the protein is seen in If it is assumed that lipid-protein interactions in DPPCglycophorin are similar to those in [2H62]DPPC-glycophorin, further comments on the C-H variation in the former may be made. The presence of the full complement of all-trans chain segments at low temperatures ensures that the fraction of the C-H parameter arising from the all-trans structure is unaffected as the lipid:protein ratio is decreased. The marked reduction at 10C in I288o/I2hso therefore arises from disruptions of lateral interactions between hydrocarbon chains. Gauche rotamer formation takes place only during the noncooperative melting process, which reduces the C-H intensity parameter in the 135:1 complex from 0.96 at 12'C to 0.83 at 240C.
Comparison of Raman and DSC studies
The results of the DSC experiments are summarized in Table  1 and agree with earlier studies (16, 17) . As the lipid:protein ratio is decreased, the main endothermic transition of DPPC is slightly reduced in temperature and broadened whereas the pretransition is abolished. In addition, a progressive decrease in AH was noted (16, 17) . The Raman spectroscopic data differ from the DSC in two respects: (i) At lipid:protein ratios of 125:1 and 280:1, the DSC data show no endothermic transitions, in contrast to the melting events seen in the Raman spectra. (ii) The biphasic character of the Raman melting curves for the 1000:1 and 670:1 samples is not duplicated in the DSC data, which show one main endotherm. The temperature of the DSC transition decreases only very slightly as the fraction of lipid decreases, whereas the midpoint of the high temperature transition in the Raman shows a more significant variation.
It is clear from Table 1 that the Raman and DSC experiments sample different populations of lipid molecules. The DSC technique observes only those molecules which can undergo a cooperative melting process, whereas the Raman experiment samples some weighted average conformation of all lipid, regardless of the latter's ability to undergo a cooperative melting.
The differences between Tm in the DSC experiment and the midpoint of the higher melting component of the biphasic Raman data can be explained as follows. If a lipid molecule is imperfectly packed in the bilayer due to the presence either of protein or protein-boundary layer lipid complexes, its phase transition will have both a reduced enthalpy of melting and melting temperature. As a consequence of the reduced enthalpy, this "slightly perturbed lipid" will contribute proportionally less to the calorimetric endotherm than to the Raman melting data, thereby resulting in a lower observed Raman melting temperature.
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